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Abstract

The Direct Reduction of Chromite (DRC) process has the potential to reduce energy consumption and reduce Greenhouse
Gas (GHG) emissions for ferrochrome production, as needed to produce stainless steel and other specialty alloys. In the
DRC process, Fe and Cr oxides in chromite are reduced at temperatures below their latent heat of fusion which
substantially lowers energy requirements, resulting in the production of M;Cj-type ferrochrome. In the present work,
induration by oxidative sintering, reductant size, and reduction temperature were investigated at the exploratory level to
advance our understanding of the DRC process. Induration by oxidative sintering was notably found to slow reaction
kinetics and delay metallization, whereas smaller reductant sizes accelerate reaction kinetics. The influence of temperature
on reaction kinetics was investigated in several experiments, and an energy barrier identified which may justify a DRC
processing temperature of 1320 °C. After an extended time at 1320 °C, the amount of Cr present in the spinel and slag as
measured by microprobe analysis are less than 0.43 wt% Cr as Cr,O3, which confirms high degrees of Cr metallization.
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1 Introduction

Chromium is an essential component of stainless steel, notably providing corrosion resistance, hardness, and toughness to the
alloy. This makes stainless steel the material of choice for tubing, tanks, and many specialty alloy products. Global demand for
chromium therefore increases with demand for stainless steel, which grew by 3.0% in industrialized countries, and 6.3% in
developing and emerging countries between 2011 and 2017 [1]. In 2021, more than 58 million tonnes of stainless steel was
produced globally [2]. The production methods for ferrochrome (FeCr), an alloy composed of iron, chromium, and carbon as
needed to meet this stainless steel demand, are notably energy intensive and have a significant environmental impact. Energy
requirements range from 2.4 to 4.8 MWh/t FeCr and GHG emissions can exceed 10.5 tCO,e/t FeCr, respectively [3—5]. The
most energy intensive of these processes utilize DC Arc furnaces and Submerged Arc furnaces (SAF) which are responsible
for producing more than 85% of the world’s FeCr [6]. Less energy-intensive processing routes include the Outotec steel belt
sintering process and the Glencore Premus process. These processes utilize CO off-gas from the downstream smelting furnace
as a fuel to generate heat for preheating pelletized ore with binders and reductant particles on a steel belt or in a kiln prior to
SAF smelting [7-10].
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As an alternative processing technology, Direct Reduction of Chromite (DRC), has been developed to improve resource
utilization, competitiveness, and the need for value-added products in Canada [6, 11]. In the DRC process, which takes place
at approximately 1300 °C, the energy required to overcome the high enthalpy of fusion for minerals with melting temperatures
in excess of 1600 °C [12] is avoided. The limitations and advantages of the DRC process in comparison to conventional
technologies have been published previously [4, 5, 13—15]. In this work, exploratory experiments have been conducted to
advance DRC technology by investigating the effects of induration by oxidative sintering, reductant particle size, and
temperature.

1.1 DRC Mechanism and Theory

In the DRC process, chromium ions are incongruently dissolved into a molten flux from chromite particles and transported to
the surface of carbonaceous reductant particles where they are reduced [4]. The overall DRC reaction for a typical Ring of Fire
(RoF) chromite composition is shown in Eq. 1. The Boudouard reaction, which relates to C transformation to CO by reacting
with CO, gas, is shown in Eq. 2. Geometrically, the chromite dissolution and alloy (carbide) formation steps can be described
by a shrinking core model [6]. Changes in the concentration of products with time are a function of reaction rate (function of
temperature), reactant concentrations, and system geometry/rate-limiting mechanism (how physical characteristics vary) [17].

Mg0_4F€0_6Alo,6Cr1,404 +3.5C—0.2Cr;C3 + 0.2Fe;C+
0.3MgALO4 + 0.1MgO + 2.7CO (1)

C + C0,22CO (2)

2 Materials and Methods
2.1 Materials

The reductant in this work is grade 4079 petroleum coke (PETcoke) with a minimum carbon content of 98% (determined by
LOI) from Asbury Carbons (NJ, USA). Particle size ranges of PETcoke were prepared by rod milling followed by dry sieving
to produce —75 pm, —106 + 75 pm, and —355 + 106 pm fractions. CaCl, (> = 97%) from Millipore-Sigma (Oakville, ON)
was used as a flux based on the results of previous works investigating different fluxes [5]. The chromite ore comes from the
Ring of Fire deposits in Northern Ontario, and is accompanied by minor Cr-bearing clinochlore, magnesite, and phlogopite as
described previously [13]. The ore was concentrated by dry milling and sieving to a particle size range of —106 + 75 pm. This
particle size range is the optimum determined in previous works [14]. XRF analysis of this ore is shown in Table 1.

2.2 Pelletization

Spherical pellets with a size of 12 + 0.5 mm were pressed at a force of 1500 + 100 N for 2 min with a manually operated
hydraulic press. Each pellet contained chromite ore, PETcoke, and CaCl, as flux (O:R:F) with a ratio of 100:20-22:30 by
mass. Water was added as a binder at a ratio of 6 wt% of the dry basemix to aid pelletization. Where indicated, pellets were
rolled using water as needed with a Mars Mineral DP-14 pelletizer (Mars, PA).

Table 1 Chemical composition of RoF chromite ore used in this study, based on X-Ray Fluorescence (XRF) analysis

| ALO; | Cry05 | Fe;05 | MgO | MnO |NiO ' Si0, | TiO, | V205
Average [wt%] 112.78 144.54 120.29 | 13.66 10.19 10.17 1532 1034 10.17
Variability [wt%] | 0.64 | 336 | 181 | 178 10.02 10.02 12.00 10.01 10.01
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23 Thermal Processing

Pressed pellets were dried, and then reduced in a Deltech vertical tube furnace (Denver, CO), with Gr 5.0 Argon from Messer
(Mississauga, ON) as a purge gas to maintain an inert atmosphere. 20 vol% CO, in N, was mixed using mass flow-controlled
Gr 4.0 CO, and Gr 5.0 N, gases from Messer to produce an oxidizing atmosphere as needed. Four or 16 pellets were reduced
simultaneously in each experiment as indicated. The furnace temperature is controlled using an alumina-sheathed R-type
thermocouple inside the furnace cavity (external to the furnace tube); however, the temperature inside the tube better
represents the temperature experienced by the pellets. The temperature inside the furnace tube was therefore measured at
multiple temperatures using another alumina-sheathed R-type thermocouple, and these measured tube interior temperatures
related to programmed furnace cavity temperatures. Thermal regimes shown in the figures describe the temperature experi-
enced by pellets. Off-gas from reduction was cleaned using a gas conditioner, and then analyzed by a Siemens Ultramat-23 IR
analyzer (Oakville, ON).

2.4 Characterization

X-Ray diffraction (XRD) analysis was conducted using a Rigaku D/MAX 2500 rotating-anode powder diffractometer with
Cu Ka radiation at 40 kV, 200 mA. Secondary (SE) and backscattered (BSE) electron images were acquired with a S-3200 N
Hitachi microscope scanning electron microscope (SEM) operated at an accelerating voltage of 20 kV. Quantitative X-ray
microanalyses by wavelength-dispersive spectrometry and some BSE images were obtained using a JEOL JXA 8230 electron
probe X-ray microanalyzer (EPMA) at an accelerating voltage of 20 kV, 15-25 nA beam current, with a focused or diffuse
beam up to 10 microns, depending on the area to be analyzed.

3 Results and Discussion
3.1 Influence of Induration by Oxidative Sintering

Research by others has found that induration by oxidatively sintering chromite ore-containing pellets at a temperature of
approximately 1000 °C results in strength improvements and mineralogical transformations which can improve ferrochrome
processing in arc furnaces [9, 10, 16-20]. In the Outotec process, which features this pretreatment step, a minimal amount of
reductant is pelletized with chromite ore and a clay binder to form pellets which are heated in an oxidizing atmosphere for a
short period of time on a steel sintering belt. During this step, pellet strength increases due to sintering of the fine clay and
gangue mineral particles in the outer layer of each pellet. More reductant is then added with preheated pellets to a SAF to
realize complete reduction of chromite. This process utilizes the oxidation of carbon to sinter pellets which increases the
reducibility of chromite by increasing the effective surface area due to recrystallization of Fe;O,4 to Fe,O5 [10]. It is
hypothesized that a thin and minimally porous rim formed around DRC pellets by oxidative sintering will improve the rate
of carbothermal reduction of chromite by likewise recrystallizing Fe;O, to Fe,Os3, increasing CO partial pressure, and the ratio
of CO/CO, during reduction.

To investigate the effect of oxidative sintering on reduction, pellets were exposed to an oxidizing atmosphere for a defined
amount of time as described in section ‘“Thermal Processing”, and the influence of duration and proportion of reductant
particles relative to ore were varied. SE and BSE images of pellets that were oxidized and then reduced are shown in Figs. 1
and 3, respectively. CO flux and cumulative evolved CO as a function of time for relevant experiments are shown in Fig. 2.

Figure 1a, b show that most of the PETcoke particles are completely consumed in the outer rim due to oxidation by CO,,
which can be distinguished from the pellet’s core. The darker rim of the pellet, as shown in Fig. 1, can be attributed to the
formation of metal oxide particles during oxidation that are more easily polished away than neighboring particles. Figure 1c
notably shows that the oxidized rim around the pellet is continuous, albeit not of a uniform thickness. A reduced proportion
of ore:PETcoke (100:20 vs 100:22) did not significantly affect the rim’s thickness (approximately 700 + 200 pm). The effects
of these conditions on reduction following oxidative sintering are shown in the evolved CO gas data (Fig. 2) and BSE images
of representative pellet grains (Fig. 3).
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Fig. 1 (a, b) Secondary electron images of the rim of a pellet containing 100:22:30 Ore:PETcoke:CaCl, that were oxidized at a programmed
furnace temperature of 1000 °C for 10 min. PETcoke particle size is —106 + 75 pm. Stars denote PETcoke particles. (¢) Flash photograph of the
polished pellet cross section from Fig. a, b. Dashed line denotes approximate rim boundary.
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Fig. 2 (a) Molar flux of CO evolved during induration and reduction of pellets with the indicated proportions of O:R:F shown as a function of time
according to the thermal regimes shown. (b) Cumulative CO evolved during induration and reduction of pellets corresponding to Fig. a. Each
experiment was conducted using 4 pellets and a purge gas flow rate of 0.5 Lyg-min~'. The temperatures shown have been calculated with a
calibration curve to describe the temperature experienced by pellets inside the furnace tube based on the programmed furnace cavity temperature.
Dwell time at the maximum temperature is 2 h. PETcoke particle size is —106 + 75 pm. OS denotes experiments including 10 min of oxidative
sintering prior to reduction. 100:22:30 OS pellets were rolled. CO measured during induration does not represent FeCr metallization and has been
excluded from Fig. b

Figure 2a shows that the greatest CO flux, which represents the fastest reaction kinetics for reduction, was observed for
pellets that were not oxidatively sintered. Of the reduction experiments conducted on oxidatively sintered pellets using
different proportions of PETcoke, the CO flux profiles are comparable, suggesting similar kinetics. The greatest peak CO flux
from these two oxidatively sintered and then reduced experiments is observed when a greater proportion of PETcoke is used.

Figure 2b shows that the most CO was evolved for non-indurated pellets, implying greater FeCr metallization than pellets
that were indurated. This difference can be attributed to C from PETcoke reacting with CO, from the oxidizing atmosphere
during oxidative sintering as described by the Boudouard reaction (Eq. 2), which reduced the available PETcoke for later
metallization by carbothermal reduction.

Figure 3 shows representative BSE images of reduced pellet grains from the experiments whose CO flux profiles are shown
in Fig. 2. The largest particles of FeCr with the least number of unreacted PETcoke cores are found in Fig. 3c, which
represents the non-oxidatively sintered pellets. Of the pellets that were oxidatively sintered prior to reduction, the pellets
containing a lower proportion of PETcoke in the charge contain less unreacted PETcoke (Fig. 3b).

3.2 Influence of Reductant Particle Size

The rate of metallization is a function of the reductant particle size and relationships between surface area and volume. In this
way, the reductant particle size does not reduce the energetic requirement for Cr reduction to M,Cj, rather, smaller reductant
particles will accelerate reaction kinetics due to a greater surface area to volume ratio in comparison to larger reductant
particles. Experiments were conducted using pellets containing PETcoke particles with the following size ranges: —75 pm, —
106 + 75 pm, and —355 + 106 pm. The resulting CO flux profiles are shown in Fig. 4.
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Fig. 3 Representative BSE images of grains from reduced pellets whose evolved CO gas data is shown in Fig. 2. (a) Pellets were rolled and
composed of 100:22:30 O:R:F, oxidatively sintered for 10 min prior to reduction. (b) Pellets were composed of 100:20:30 O:R:F, oxidatively
sintered for 10 min prior to reduction. (c) Pellets were composed of 100:20:30 O:R:F, reduced without oxidative sintering
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Fig. 4 CO flux as a function of time subject to the thermal regime shown for pellets containing different size fractions of PETCoke as indicated.
Each experiment was conducted using 4 pellets and a purge gas flow rate of 0.5 Lag-min~". The temperatures shown have been calculated with a
calibration curve to describe the temperature experienced by pellets inside the furnace tube based on the programmed furnace cavity temperature. (a)
Shows CO flux between 175 and 250 min, and has been taken from (b)

Figure 4a shows that at a temperature of approximately 860 °C, CO production starts for all experiments due to the
reduction of Fe, which is consistent with previous work [4, 14]. Figure 4a also shows that the initial rate and the integral area
of the CO flux are inversely proportional to PETcoke size. Additionally, there is very little difference between the time and
temperature of peak CO flux for —75 pm and —106 + 75 pm PETcoke. Unlike the —106 pm PETcoke, the —355 + 106 pm
PETcoke experiments exhibit a delay of the maximum observed CO. Furthermore, Fig. 4b shows that CO flux does not return
to the baseline during the later stages of reduction at isothermal conditions. Therefore, complete metallization has not been
reached for any of the experiments; however, the order of increasing degrees of metallization based on PETcoke size is —
75 pm, —106 + 75 pm, —355 + 106 pm. These observations demonstrate that experiments with larger PETcoke sizes are
slower than experiments with smaller PETcoke sizes. Smaller particles have a greater surface area to volume ratio in
comparison to larger particles. Therefore, these experiments demonstrate the role of surface area as related to particle size
on the reaction kinetics of the DRC process.

33 Influence of Temperature and Hold Time

To investigate the influence of temperature on the degree of metallization and kinetics of the DRC reaction, experiments were
conducted at various temperatures, and their CO flux profiles are shown in Fig. 5. Representative residual phases and FeCr
particles from the experiments whose CO flux profiles are shown in Fig. 5b were characterized by XRD (Fig. 6) and EPMA
(Fig. 7; Tables 2 and 3).
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Fig. 5 CO flux as a function of time subject to the thermal regimes with different isothermal temperatures as shown. The PETcoke size used for all
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Fig. 6 XRD analysis of residual phases (top) and FeCr (bottom) products that were reduced at an isothermal temperature of 1230 °C and 1320 °C as

shown in Fig. 5b
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Fig.7 BSE images showing representative phases analyzed using microprobe. Residual phases (left) and FeCr (right) products that were reduced at
an isothermal temperature of 1230 °C (top) and 1320 °C (bottom) as shown in Fig. 5b. Bright regions of FeCr particles are rich in Fe, whereas darker
FeCr regions are richer in Cr

Table 2 Composition of residual phases as determined by EPMA

Tiso [OC]
1320

1230

Dominant phase
Spinel (11)

Slag (5)
Monticellite (5)
Spinel (11)
Forsterite (11)

Monticellite (7)

[wt%]
Si0,
b.d.L

32.72
[29.81-36.50]

37.82
[37.58-37.98]

b.d.l

42.47
[41.91-43.50]
38.37

[38.30-38.59]

MgO

31.14
[30.51-31.72]
7.65
[3.08-12.61]
25.71
[25.64-25.91]
30.77
[30.53-31.00]
56.99
[56.24-58.10]

28.5
[27.41-29.67]

ALO;
69.74

0.57
[0.05-2.29]

b.d.l
68.67
[66.35-69.93]
b.d.l

b.d.l.

Cr,05

0.23
[0.14-0.43]
b.d.l

b.d.L

0.89
0.05-2.61]
1.10
[0.05-1.62]
b.d.L

FeO
b.d.l

b.d.L

b.d.l

b.d.l

b.d.l

b.d.l

CaO
b.d.l

54.5
[51.42-56.73]

36.83
[36.49-37.30]

b.d.L

0.81
[0.49-1.61]
33.76
[32.50-34.99]

Cl
n.d.

5.47
[0.01-9.19]
b.d.L

n.d.

b.d.l

b.d.L

Numbers in brackets next to the dominant phase species indicate the number of points that have been averaged. The +3c standard errors are as
follows: 0.34 SiO,, 0.23 MgO, 0.42 Al,03, 0.18 Cr,03, 0.09 FeO, 0.18 CaO, 0.01 CI. [] Denote the range of measured values when greater than 3o
standard error. n.d. and b.d.l. denote element/oxides that were not detected or below detection limits

Figures 5a, b show that the main CO flux peaks overlap within experimental datasets where the thermal profiles match,
which demonstrates that the pellet compositions and physical attributes were well controlled. As shown in Fig. S5a, a
noticeably greater amount of CO is generated by pellets that were held isothermally for 120 min at 1320 °C and 1365 °C
in comparison to pellets that were held at 1230 °C and 1275 °C for 120 min. Figure 5b similarly demonstrates that experiments
held at 1320 °C generate more CO than experiments at 1230 °C for the same isothermal duration which was 360 min. These
results demonstrate the increased degree of metallization that can be reached since the isothermal temperatures the pellets
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experienced were maintained for the same duration. It was previously observed with XANES that Cr metallization from
chromite can be increased from 58.6% at 1200 °C, to 100% at 1400 °C, and predicted using FACTSAGE software to be
86.7 wt%, 98.5 wt%, and 100 wt% at temperatures of 1200 °C, 1300 °C, and 1400 °C, respectively [6, 14].

The CO flux profiles in Fig. 5b are notably broader than in Fig. 5a due to the slower rate of heating during their thermal
regime. Figure 5a, b also show a second increase in CO flux for experiments that were performed at 1320 °C and above, which
is more discernible in Fig. 5b due to the slower ramp rate that has been used. As metallization proceeds and reductant is
consumed, CO flux again decreases. The second CO flux peak is a result of changes to the reaction rate which are caused by an
energy-related barrier being overcome. This energy-related barrier is most likely related to the diffusion of reactant and
product species across alloy rims that become thicker as metallization proceeds and is the topic of a future study. With respect
to the feasibility of the DRC process, Fig. 5 demonstrates that an operating temperature equal to or exceeding 1320 °C could
be justified to overcome an energy-related barrier and increase Cr recovery instead of longer durations at lower temperatures.

The XRD profiles shown in Fig. 6 qualitatively show the mineralogical differences between the FeCr and residual phases
resulting from the different isothermal temperatures that were experienced during the experiments whose CO flux profiles are
shown in Fig. 5b. For both residual phase samples, MgAl,O, spinel and MgO dominate as described by Eq. 1. The residual-
phase XRD profiles additionally show a slightly greater proportion of forsterite collected from reduction at an isothermal
temperature of 1230 °C, and a slightly greater proportion of monticellite collected from reduction at an isothermal temperature
of 1320 °C. The FeCr XRD profiles in Fig. 6 show that similar phases containing Fe and Cr are present in both alloy samples,
with minor MgAl,0, from contamination. At a 208 angle of 26.5°, a slightly greater amount of graphite can be seen for the
FeCr collected from reduction at an isothermal temperature of 1230 °C, which can be attributed to excess carbon relative to the
amount of reducible iron and chromium species at 1230 °C.

Figure 7 shows that at both investigated temperatures, the residual phase particles (which includes Cr-depleted spinel) are
generally more angular than the FeCr particles. Phase identifications made by XRD (Fig. 6) are complemented by EPMA
(Table 2). Additionally, the EPMA results demonstrate that low amounts of Cr measured as Cr,O; are present in the spinel
particles of both experiments. The samples from reduction at 1320 °C exhibited the lowest Cr concentrations in the spinel with
an average value of 0.23 wt% Cr measured as Cr,03, as expected from the high degree of metallization based on FACTSAGE
predictions. This finding demonstrates that a significant amount of Cr can be recovered from chromite as FeCr at a temperature
of 1320 °C. Furthermore, the CO profiles in Fig. 5b show that more than 4 h at 1320 °C is required for the CO flux to stop,
indicating a high degree of reduction consistent with Cr in spinel.

The EPMA analyses shown in Table 2 additionally indicates that the slag from reduction at 1320 °C contains a wide range
of Cl concentrations. As CI containing phases were not identified in the XRD profile shown in Fig. 6, the measured CI from
reduction at 1320 °C was present in an amorphous slag phase. Similarly, a range of Ca-Si-Mg slag compositions, as
determined by EPMA, were identified from reduction at 1320 °C, which likewise suggest their presence in an amorphous
phase. Consistent with the XRD results, EPMA characterization confirmed that particles with compositions characteristic of
monticellite could be identified in both 1230 and 1320 °C slag products, whereas forsterite could only be analyzed in the
1230 °C slag.

The BSE images from Fig. 7 reveal that the FeCr particles are composed of multiple alloy phases. The FeCr alloy EPMA
results in Table 3 notably show that Si can be abundant, which is unexpected at temperatures of 1230 °C according to the
Ellingham diagram for carbothermic reduction of SiO, [21]. Additional evidence is required to describe a mechanism for
silicon reduction during DRC, which is currently under investigation by the authors.

4 Conclusion

In this work, exploratory experiments have been conducted to investigate the impacts of induration by oxidative sintering,
PETcoke particle size, and temperature on advancing DRC technology. Induration by oxidative sintering was found to
produce mineralogical changes in DRC pellets as well as a continuous partially porous rim. However, pellets that were
indurated in this way did not demonstrate accelerated reaction kinetics. The additional complexity of oxidative sintering to the
DRC process therefore does not seem to be justified based on the exploratory experiments carried out in this work. Reducing
PETcoke size was observed to accelerate reduction kinetics through greater availability of reductant surface area for
metallization. This finding shows that reductant particle size can be reduced in the DRC process to minimize waste due to
over-grinding and maximize pellet throughput. At the same time, it must be considered that smaller FeCr particles are more
difficult to separate from similarly sized slag and spinel particles and so the processing requirements of product liberation
should be considered in future research. Reaction kinetics as a function of isothermal temperature following ramped pellet
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heating was also investigated, and an energy barrier that can be overcome with a modest increase in temperature to realize
faster and greater Cr recovery from chromite was identified. Finally, experiments were conducted over an extended time at
temperatures of 1320 °C and 1230 °C, which are above and below the previously identified energy barrier. The run products
from these experiments were characterized using EPMA and XRD which show the mineralogical changes that take place as
the temperature is increased. These changes include a greater proportion of monticellite in the residual phase mineralogy,
distinguishable exsolved alloy phases, and the presence of Si in FeCr.
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